cables show the importance of performing temporary overvoltage analyses. As the switching of EHV cables can trigger temporary overvoltages, it is important to find the dominant frequency component contained in the switching overvoltages of these cables. Since there are no theoretical formulas to find the dominant frequency, it is generally found by means of time domain simulations or frequency scans. The derivation of theoretical formulas has been desired as the formulas would be useful in verifying the results of time-domain simulations or frequency scans. In addition, the formulas could eliminate the necessity of building simulation models of some network components. In order to address this need, this paper derives theoretical formulas to find the dominant frequency in long cable energization overvoltages. The accuracy and practical usefulness of the formulas are confirmed by comparing them with the results of time-domain simulations.
I. INTRODUCTION

I
N RECENT years, a growing number of transmission-line (TL) projects has seen the light in many countries throughout the world. The reasons for this are manifold, but include the increase in cross-border trades and renewable energy sources. Until recently, transmission system operators (TSOs) in many countries responded to these necessary transmission upgrades predominantly by introducing overhead lines. HVAC underground cable systems are used, but their use has mainly been limited to densely populated areas. As such, HVAC underground cable systems have until now been limited both in terms of length and number.
This tendency has been changing over the past ten years as the service experience with HVAC, especially extremely high voltage (EHV) ac, cable systems becomes satisfactory to some extent [1] . The use of HVAC cable systems is increasingly proposed in order to protect beautiful landscapes or public health.
Because of this shift in trend, the recently proposed HVAC underground cable systems are longer than existing cable systems [2] - [6] . The longer the cable systems, the lower the frequency contained in the overvoltages associated with cable systems due to their large charging capacity. As low-frequency components are weakly damped, these overvoltages may present challenges that are often ignored in overhead line projects. From the recent studies of long EHV cables, in particular, the authors have found that temporary overvoltages, such as resonance overvoltages, are more severe than slow-front overvoltages and may exceed the insulation strength of related equipment under severe conditions [2] - [5] .
Among potential causes of temporary overvoltages, the switching overvoltages of long cables are one of most onerous causes due to their low frequency, as well as the transformer energization. It is therefore important to find the dominant frequency component contained in the switching overvoltage of long cables.
Since theoretical formulas to derive the dominant frequency have not yet been proposed, it has been a common practice to find the dominant frequency through time domain simulations or frequency scans [3] . The derivation of theoretical formulas is expected in order to find or estimate the dominant frequency before such simulations are implemented or to verify the dominant frequency found by these simulations.
Another issue that could be mentioned with regard to temporary overvoltages is the difficulty of the analysis. Generally, severe temporary overvoltages only occur under particular network conditions, and considerable efforts are made in system studies to identify these severe conditions. As the modeling of a broader area is necessary for the temporary overvoltage analysis, it is time-consuming to set up network models and perform time domain simulations or frequency scans in electromagnetic-transient (EMT)-type programs. As more long cables are being planned or installed, theoretical formulas to derive the dominant frequency are desirable for the efficient planning or operational planning since the theoretical analysis may eliminate the necessity to model some areas of the network. Nagaoka and Ametani found the impedance and admittance calculation of cross-bonded cables [7] . Based on the impedance 0885-8977/$31.00 © 2012 IEEE and admittance calculation in [7] and [8] , this paper derives theoretical formulas to derive the dominant frequency contained in the switching overvoltage of long cables. The accuracy of the proposed formulas is verified through comparison with time domain simulations. Fig. 1 shows an example of a series resonance overvoltage analysis. When the 400 kV cable line in Fig. 1 is energized, a part of the overvoltage caused by the energization travels through 400 kV transformers to the secondary-side network. The series resonance overvoltage can be caused when the dominant frequency component contained in the energization overvoltage matches the natural frequency of the network composed of 400 kV transformers and the secondary-side network.
II. RESONANCE OVERVOLTAGE ANALYSIS
The natural frequency (NF) can be calculated from the inductance between the primary and secondary windings of the 400 kV transformer and the capacitance of the secondary-side network, assuming that there is no load on the secondary-side network (1) where is the inductance of the 400 kV transformer, and is the capacitance of the secondary-side network.
When there is load on the secondary-side network expressed by inductance and resistance connected in series, the natural frequency can be found as the frequency that minimizes the following magnitude of impedance :
In general practice, the natural frequency is found by frequency scans, but it is also possible to find the natural frequency from (2) using a mathematics software package.
Equations (1) and (2) indicate that the natural frequency changes depending on the conditions such as the network configuration and load. The resistive part of the load affects the damping of the series resonance overvoltage, and the overvoltage is severe in low-load conditions.
If it is possible to estimate the dominant frequency components contained in the energization overvoltage, it is possible to do so without the series resonance overvoltage analysis caused by some lines. As shown in Fig. 1 , for example, it is possible to do this without the series resonance overvoltage analysis caused by the 400 kV cable line if we can estimate that the dominant frequency in the energization overvoltage is 100 Hz since the natural frequency shown in Fig. 1 is much higher than 100 Hz. In addition, the necessity of modeling the network composed of 400 kV transformers and the secondary-side network may be eliminated.
However, the theoretical formulas to derive the dominant frequency components have not yet been derived. In the following section, this paper will derive the theoretical formulas with the focus on long cables since its energization overvoltage contains lower frequency components, which leads to severe conditions, namely, low damping in the network.
This section shows an example of a series resonance overvoltage analysis with the network illustrated in Fig. 2 . The loading condition was set to 142.6 MW MVar by setting 100 and 150 mH. The network shown in First, it is necessary to find the dominant frequency contained in the energization overvoltage. The objective of this paper is the derivation of the dominant frequency without performing time domain simulations, but here, as in general practice, the time domain simulation of the cable energization was conducted to find the dominant frequency. Cable data used in the simulation are described in Section IV. Fig. 4 shows the result of the Fourier analysis of the voltage waveform in Fig. 3 . Since the cable energization overvoltage is almost damped by 40 ms, the time window of the Fourier transform is set to 0-40 ms. The figure shows that the dominant frequency contained in the cable energization overvoltage is 425 Hz.
Fig . 5 shows the voltage waveform at the LV side of the transformer. Since no series resonance occurs, the overvoltage is almost at the same level as that shown in Fig. 3 (HV side). In Fig. 5 , the natural frequency of the network composed of the 400 kV transformer and the 132 kV network was 800 Hz, which is far from the dominant frequency in the energization overvoltage (425 Hz). In order to excite the series resonance, the natural frequency was shifted to 425 Hz by increasing the capacitance in the 132 kV network to 7.6 F. The value of the capacitance was found by performing frequency scans. Fig. 6 shows the voltage waveform on the LV side of the transformer. When comparing this waveform with the one shown in Fig. 3 (HV side), it becomes clear that the overvoltage is amplified on the LV side due to the series resonance since the natural frequency was set exactly at the dominant frequency. The Fourier analysis of the voltage waveform in Fig. 6 demonstrates that the dominant frequency contained in the series resonance overvoltage is 425 Hz and matches the cable energization overvoltage.
The time domain simulations were performed with different natural frequencies by changing the capacitance in the 132 kV network. Fig. 7 shows that the series resonance overvoltage becomes more severe when the natural frequency becomes closer to 425 Hz.
The example given in this section illustrates the importance of understanding the natural frequency of the network and the dominant frequency in the energization overvoltage. Finding the possible range of the natural frequency of the network using (1) or (2) is fairly straightforward. The theoretical formulas of the dominant frequency in the energization overvoltage are derived in the following section.
III. DERIVATION OF THEORETICAL FORMULAS TO ESTIMATE
THE DOMINANT FREQUENCY
A. Average Impedance and Admittance
The metallic sheath of long cables is generally cross-bonded in order to reduce sheath induced current and sheath voltage.
Cross-bonding has been found to affect cable impedance and admittance, and their derivation is given in [7] and [8] . Assuming that each minor section of a cable is of equal length, the average impedance of the cross-bonded cable for one major section is given by the following equation:
Here, is the impedance of the cable per unit length for one minor section, and is the rotation matrix
where impedance between conductors;
impedance between conductors and sheaths;
impedance between sheaths.
The calculation of the average impedance of one major section, as shown in Fig. 8 , yields the following equations:
Impedances in (8) and (9) are given by (10) In subscripts of impedances, uppercase letters show the phase of the conductor while lowercase letters show the phase of the metallic sheath.
Similarly, the average admittance of the cross-bonded cable for one major section can be calculated as follows: (11) (12) (13) (14) In (12) and (14), is the identity matrix. Since the metallic sheath of the cross-bonded cable is earthed at both ends of a major section, and can be reduced to 4 4 matrices. The reduction is, however, not performed as the dominant frequency can be found in a simpler form without the matrix reduction.
B. Derivation of Theoretical Formulas
The main focus of this paper is to find the dominant frequency from and by means of simple theoretical formulas. For a given length of a line, one propagation velocity is linked to one dominant frequency by (15). The relationship can be found, remembering that the current is zero at the open terminal, as the fundamental resonance frequency from the general solution of the set of wave equations given by d'Alembert in the 1750s line length
Thus, we need to find the propagation velocity of the dominant frequency component in simple theoretical formulas.
It is known that the propagation velocity of each mode is found by (16) [9] (16) Here, and are the th diagonal entries of the modal impedance matrix and the admittance matrix , respectively. The imaginary part of is denoted by . is the target frequency.
. Equation (16) can also be expressed in a compact form as (17) Modal impedance and admittance matrices can be found by diagonalizing and , but the diagonalization process prohibits the derivation of theoretical formulas in simple form. It is necessary to find from and without conducting diagonalization.
The relationship between voltage and current in a distributed parameter line can be expressed as The product can be calculated as (22) where is the eigenvalue matrix of . Equation (22) shows that the entries of can be found from the eigenvalues of . Using (6)-(14), the matrix is given as (23), shown at the bottom of the page.
Here, variables in the upper left 3 3 entries can be calculated as shown in (24), at the bottom of the page, where , and are given by (10). In the upper right 3 3 entries Instead of diagonalizing , this paper assumes that the overvoltage caused by the energization of a long cross-bonded cable is dominated by interphase modes. Under this assumption, the eigenvectors of interphase modes are found in an ideal form and it is possible to find the theoretical formulas in a simple form which does not require matrix computation software. In order for the coaxial mode to dominate the energization overvoltage, the dominant frequency must be higher than the critical frequency given by (29) [10] , [11] (29) (23) (24) where is sheath resistivity, is sheath permeability, and is sheath thickness.
The critical frequency calculated by (29) for a typical 400 kV XLPE cable ranges from 1000-1500 Hz. It is therefore reasonable to assume that interphase modes dominate the energization overvoltage, since the dominant frequency, which is higher than this critical frequency, cannot be originated from long cross-bonded cables.
Since the ideal eigenvector of the first interphase mode is known as , the eigenvalue corresponding to this interphase mode can be found as (30) The eigenvalue corresponding to the second interphase mode is calculated as
Once the eigenvalues are found by (30) and (31), the propagation velocities are found by (32) Equations (30)- (32) indicate that simple readily available data will provide the estimation of dominant frequency.
C. Effect of Source Impedance
Theoretical formulas have, so far, been derived assuming there is no source impedance. This may be justified in the slow-front overvoltage analysis as source impedance changes depending on network conditions and no source impedance is supposedly the most severe condition.
This section considers the effect of source impedance since it affects the dominant frequency. The amplitude of the overvoltage caused by cable line energization will be mitigated by the introduction of source impedance, but also the lowered dominant frequency may cause resonances and lead to higher resonance overvoltages.
First, when the source impedance is given as lumped parameter impedance , it has to be converted to a distributed parameter source impedance by (33). Fig. 9 illustrates the reason why the conversion is necessary. With the conversion, the lumped parameter source impedance can be considered a part of the distributed parameter cable line. The dominant frequency for the distributed parameter model can be derived from (15) and (16) (33) Assuming that the source impedance is part of the cable line, the eigenvalues corresponding to the two interphase modes are found as or (34) (35) When the eigenvalues have been found, the propagation velocity and dominant frequency can be calculated by (15) and (32).
IV. COMPARISON WITH EMTP SIMULATIONS
In order to confirm the accuracy of the formulas derived in the previous section, dominant frequencies are derived through theoretical formulas and time domain simulations in a simple cable energization example. The comparison of these dominant frequencies shows the accuracy of the formulas derived.
A planned cable line in Denmark is used as the simple cable energization example together with the Danish network. Fig. 10 shows the planned 400 kV cable line from the substation ASV to KYV via TOR. The cable line is being planned by the Danish TSO, Energinet.dk, and it is necessary to make sure that the switching of this cable line does not cause series resonance overvoltages at ASV or KYV. As discussed in the previous section, prior knowledge of the dominant frequency offered by the theoretical formulas is useful for the series resonance overvoltage analysis.
It has not been determined yet whether the TOR substation will have switchgears for the cable line or not. Under the assumption that TOR is equipped with switchgears, the simple cable energization example was performed with the planned ASV-TOR cable line according to the single-line diagram in Fig. 11 . The whole 400 kV Eastern Danish grid was modeled in PSCAD for the simple cable energization example. Fig. 11 shows the simulation model setup only near ASV. The length of the ASV-TOR cable line is approximately 28 km, and the cable line was energized from the ASV side. Fig. 12 shows physical and electrical data for the 400 kV Al 1600 mm XLPE cable, which is one of the candidates for the ASV-TOR cable line. Relative permittivity of the insulation was adjusted using (36) to set the accurate admittance for the cable First, the dominant frequencies were calculated using the theoretical formulas derived in Section II. The calculation was based on the future off-peak condition when the ASV-KYV cable line is installed. In this off-peak condition, the fault current level at the ASV 400 kV bus was found to be 10.3 kA by simulating a three-phase short-circuit fault in PSCAD. In order to consider the effect of source impedance, the dummy generator was connected to the 400 kV ASV bus. The source impedance of the dummy generator was changed from 0.1 mH to infinite (no dummy generator).
In order to derive the dominant frequency, it is necessary to find the cable impedance and admittance for one minor section. These were obtained using CABLE CONSTANTS in the Electromagentic Transients Program (EMTP) as shown in the Appendix. The Appendix also shows an average impedance and admittance of the cross-bonded cable, derived from (3) and (11), and . As a result of the calculation, the mode transformation matrix of is found as Comparing with and , the mode transformation matrix contains ideal eigenvectors for interphase modes, which coincides with the assumption used in the derivation of theoretical formulas.
Equations (15), (32), (34), and (35) yield propagation velocities and dominant frequencies. Table I shows the propagation The impedance and admittance matrices in the Appendix were calculated at 850 Hz, which was near the dominant frequency when dummy source impedance was 0.1 mH. When the identified dominant frequency is far from 850 Hz, it is possible to re-calculate impedance matrices at the identified dominant frequency and update the dominant frequency (second trial). However, since the frequency dependence of inductances that are used for the calculation of the dominant frequency is quite small over the frequency range of interest as shown in Fig. 14 , it is, in general, possible to achieve satisfactory accuracy without the second trial. In this example, the second trial led to the improvement of 0.4 Hz or lower.
Second, the dominant frequencies were obtained through EMTP simulations. All conditions were kept equal to the theoretical derivation. Fig. 15 shows how the cable was modeled using PSCAD. The cable was modeled using the frequency-dependent (phase) model. The cable was cross-bonded, and the length of the minor section was set to 1.867 km. Since the total cable length is 28 km, the cable has 15 minor sections.
It was assumed that surge arresters were installed at the primary terminal of the transformer and 400 kV overhead line feeders connected to the ASV 400 kV bus. Table II shows the V-I characteristic of the surge arrester. In order to obtain the dominant frequency more precisely, the window size of the Fourier transform is extended to 0.1 s in Fig.  18 . The extended window size enables finding the magnitude of each frequency component by 10 Hz step. The figure shows that the dominant frequency is located at 310 Hz. Fig. 19 illustrates the comparison of dominant frequencies derived through theoretical formulas and those found by EMTP simulations. The comparison shows that the theoretical formulas derived have very high accuracy. Simple theoretical formulas for estimating the propagation velocity and dominant frequency were derived from impedance and admittance calculations. The comparison between the proposed formulas and the simulation results was performed using the planned Danish 400 kV cable line as an example. From the comparison, the derived formulas were found to be sufficiently accurate to be used for the efficient analysis of resonance overvoltages. In addition, the accuracy of the formulas derived demonstrates that the propagation velocity and the dominant frequency are determined by two interphase modes for long cables.
In the example, an average of two propagation velocities corresponding to two interphase modes was used to derive the theoretical dominant frequency, assuming an equal contribution from two interphase modes. This assumption resulted in the excellent accuracy in the example, but the verification of the validity of the assumption should be categorized as a future challenge.
APPENDIX
Impedance and admittance matrices for the ASV-KYV cable in Section IV are found as follows for one minor section using CABLE CONSTANTS as shown in Table III .
Average impedance and admittance matrices for the ASV-KYV cable are calculated by (3) and (11), considering cross-bonding, shown in Table IV . Since 2010, he has been with the Grid Planning, Danish TSO Energinet.dk. His interests are power system transients simulations and insulation coordination studies with a focus on systems with large shares of cables and combined overhead lines and cable systems.
